One contribution of 24 to a discussion meeting issue 'The challenges of hydrogen and metals' .
Preamble
Dan Sadler did not submit a paper for the proceedings. Instead, he would like to refer the reader to the Northern Gas Networks website, 1 where there is a full report, 2 an executive summary 3 and a film, 4 all of which were referenced during the talk.
This talk detailed the results of a study that looked at a proposed conversion of the existing low pressure natural gas network in Leeds to hydrogen. This study was framed as a step towards meeting the demands of the Climate Change Act which requires carbon emissions to be cut to 80% of their 1990 levels by 2050. It was found that the heat demands of Leeds could be met by using existing technology, steam methane reforming and salt cavern storage, for the production and storage of hydrogen respectively. In addition, it was found that there would be minimal disruption for the consumer and also required minimal changes to energy infrastructure. The main conclusion of this talk was that such a proposal would be feasible both technically and economically.
Question 1

Eunan McEniry
I have two questions: one technical question, one non-technical question. You mentioned hydrogen storage in salt caverns; what about the release of hydrogen? How do you deal with rapid day-to-day changes, and how do you control the release rate?
The second question is more of a political question. To what extent do you think that there would be financial backing for such a plan in the UK? You made a remark about socializing the costs; is there an interest in such a scheme? What do you think will happen over the next few years?
Dan Sadler
In answer to your first question on the release rate of hydrogen, please bear in mind that my expertise is in gas transportation, not gas 1 www.northerngasnetworks.co.uk.
2 http://www.northerngasnetworks.co.uk/wp-content/uploads/2016/07/H21-Report-Interactive-PDF-July-2016.pdf. In terms of financing, it's a credible recommendation to finance it in regulatory business plans. To give you an example, we are performing the iron mains replacement programme at the moment in the gas industry. That's all of the blue and red mains that I showed you (see figure 1 ), which means that 6000 km in Leeds are being upgraded. This started in the year 2000, so we've been doing it for 17 years. The cost of that is around one billion pounds per annum across the UK. That programme is predicated on removing risk to life and property, which has nothing to do with hydrogen conversion, but it does mean that you have a butt-fused welded system that you can put hydrogen through. I believe the current system would leak too much at the moment. That upgrade has been paid for in regulatory business plans. When that investment has been completed, you can start investing in this project.
Back to your question: is there a political interest? Yes, but others are better placed to comment. Could you put this in a regulated price control? Yes, but is that what will happen? I don't know.
Question 2
Jon Saltmarsh I'm not going to comment on the political aspects. Given that we're at a meeting on hydrogen embrittlement, and you mentioned at the beginning of your talk that an awful lot of the technologies that need to be delivered for H21 have already been proven elsewhere in the world, or even within the UK, what do you feel are the big challenges regarding embrittlement of metals by hydrogen in delivering the H21 system? Where would you like to see work going on to address fundamental uncertainties?
Dan Sadler
The embrittlement problem doesn't really affect the H21 system because we are not proposing a conversion of the above 7 bar metallic system. We're proposing a conversion of the below 7 bar plastic system which doesn't have an embrittlement problem. Perhaps there is a way of repurposing those LTS [local transmission system] pipes in the longer term, while retaining the structural integrity, by somehow insulating them so that you don't have an embrittlement problem. Figure 1 . Schematic of the proposed H21 Leeds City Gate system. The modifications to the gas network of this project's concern are the below 7 bar plastic pipelines (red & blue).
There are a lot of pipes in the UK that could be reused which will increase your line power potential and can offset your storage costs. In the long term, there's a real prize if we can repurpose the LTS. However, the key challenge here for H21 is providing safety based evidence downstream of the meter (i.e. in the home and upstream of the meter, in the network). That's not to say that it's totally safe-hydrogen is an explosive flammable gas as is methane-it's to say whether the risks are comparable. The challenge isn't necessarily an embrittlement one short term, it's providing the safety based evidence to allow us to move towards a policy decision.
Question 3
Tony Paxton
I can just about remember the conversion to natural gas. In those days, people were more responsive to authority. If somebody with a bowler hat came to your house, you would do what they told you. Do you think modern society is emotionally, intellectually and just generally equipped to deal with this conversion?
Dan Sadler
We're British, aren't we? So we don't like any change, which makes for a massive problem. The 2020s will not be the same as the 1960s were. policy decision. If you look at the Committee of Climate Change's report and various other thinktank reports, they all agree that these policies need to be coming in to effect during the 2020s.
There are two types of policy: one where customers of tomorrow have the same choices as today; you can stay on the gas grid and we'll convert you, or you can get on to the electric grid. The alternative policy decision is to effectively decomission the gas network and force people off it, which is a lot more costly and a lot more hassle for customers at home. In this scenario, customers of tomorrow don't have the same choice as customers today because they can only go for an electric option.
Someone said to me that there's been a plan for the electrification of everything for 10 years; I disagree. There's been an ambition without a plan. The difference with H21 is that it is an ambition with a plan. When you ask where you're going to be getting all of that primary energy from, and how you are going to be managing that system, there is no easy solution. It's a huge challenge from a social point of view, but we can only try our best and hope to take the public along with us, with good evidence and rational arguments.
Question 4
Susan Grayeff When changing the gas system, could one also use an independent system? For instance, we used to have Calor Gas balloons brought to the house for heating. Do you envisage you could have hydrogen cylinders brought to houses as well as the mains?
Dan Sadler
Probably not. Technically you could, but it's a huge logistical challenge. It might be something that we do between the conversion instead of having people off the network, off gas for a week, whilst we convert them. We might be able to do something where we bring portable gas and keep them going for essential services. I don't see a solution where you're getting hydrogen brought to the house like some sort of Calor Gas canister. I think the scale of that challenge is too large, you're talking 6 TW h-I just don't think it's practical. You've effectively got a gas asset and we know that we just can't keep burning fossil-based methane unabated. That asset will ultimately become redundant and a stranded asset which isn't in the interest of UK plc.
Question 5
Adrian Sutton I wonder where the natural gas is going to come from. We seem to be running out of natural gas from the North Sea. At the moment, we seem to be quite reliant on gas coming from Russia, which is not a very comfortable position to be in. Where is the natural gas going to come from in 2050?
Dan Sadler
Certainly, there's no world shortage of gas. Whilst we have got interconnectors from Russia, predominantly our natural gas comes from Norway. In addition, we're well placed in the UK to bring in liquified natural gas. It's a well established market. We've based H21 on a credible system, which uses steam methane reforming as they are 200-500 MW capacity plants. You can also produce hydrogen from coal in a gasifier. We haven't chosen that as an option. 
You could almost argue for having a diversity of hard fuel stock of coal or methane. One insulates you from upstream prices somewhat while the other is more credible for a longer term solution. You can also have something like BioSNG [BioSubstitute Natural Gas]. The National Grid are building a BioSNG plant where they're producing gas in a gasifier from household waste.
The first shift is to hydrogen. They forecast that we could get over 100 TW h of methane from that system. Currently, we use another 20% of the energy downgrading or upgrading (whichever perspective you take) from hydrogen to methane. There's a diversified fuel stock and it's important to understand that there's lots of ways to make hydrogen. But you need a big credible, scalable option. In the longer term, you can reduce your reliance on fossil fuel-based feedstock but you've also met the challenge of the Climate Change Act. I think we'd all agree that the utopian solution would be a global, entirely green market. I think the conversation around green energy is to the detriment of clean energy, as it is not that practical and you just look at primary energy generation.
Question 6
Mick Brown
As a supplement to Prof. Sutton's question, where does the hydrolysis of water, using intermittent electrical supplies, fit in?
Dan Sadler
When you start converting power in the UK gas grid, you're not decarbonizing heat. Putting hydrogen into the gas grid at 1% saves you 0.3% carbon. It makes for a more efficient system with the electric grid, which allows more renewables, so it's quite sensible. We can't produce much hydrogen from electrolysis, small amounts here and there, but we're not producing 10 6 TW h. Why dump that in the gas grid? Allowing more electrical renewables onto the grid and offloading your high intensity peak plant is absolutely sensible. We need to consider end use carefully.
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Question 1
Pedro Rivera While you mentioned the automotive industry, one of the industries that should be very concerned is the gas production and petrochemical industry. 
Nigel Brandon
What I can tell you is that BP, Shell and other companies like them got interested in hydrogen some years ago, felt that they had lost a lot of money, and pulled out of that space. However, from conversations that we're having, they are now very interested in looking at these opportunities again. Whether that's because they are in the petrochemical industry or because they are looking at a world where fossil fuel use is in decline-there are lots of reasons. You're right that you're not hearing a lot, although Shell are quite public about their engagement in hydrogen while others are not. There's quite a lot of strategic evaluation but not much new commercial commitment at the moment. Shell's hydrogen business sits in their new energies business which is a big investment that Shell are making. So we'll see!
Question 2
Vigdis Olden I'm from Norway and we have developed this CCS [carbon capture and storage] technology to be able to pump up more oil and gas. We have seen a decline in funding for research into CCS in the EU and some scepticism in public opinion. What is your view on this?
Nigel Brandon
The UK government didn't do us any favours by deciding to move away from a long-publicized commitment to support a fairly major CCS demonstration. I think it was a particularly large cost item which could be removed from the budget at a time when there were a lot of budget constraints. As a consequence of that, a lot of folk were quite upset at the fact that we didn't make that commitment.
In the UK, we don't have a demonstration programme around CCS. Indeed, in lots of other countries, it's been a struggle to get demonstration programmes about CCS. It's really down to whether you think that you can move, pragmatically, to a world in which we shut the fossil fuels off and have renewables when there aren't really market mechanisms to shut the fossil fuels off.
My own view is that it will be very difficult to assume that renewables alone will pick up the strain for this transition. I would like to see a global effort around CCS with a number of countries working together in a pre-competitive phase to demonstrate the technology across a range of different applications. Otherwise, we will be putting a very large reliance on a set of technologies, recognizing that huge progress is being made and will continue to be made. As we see already, it's not just about electricity. If you try to electrify everything, that is an extremely expensive transition and it's not one that's without major change for the consumer. Norway has been leading the world with its Sleipner demonstration of CCS, which has been going on for a long time. However, it's material but irrelevant in terms of global CO 2 emissions. Most CCS schemes make a very large amount of hydrogen as an intermediate step. We shouldn't discount other routes to hydrogen but at the scale we need they will be some way off. 
Question 1
Tony Paxton
We talk about hydrogen susceptibility as occurring above a certain strength level (1200 MPa or 40 Rockwell). But the very early experiments, even done and presented in the Royal Society 150 years ago and 100 years ago, were concerning pure soft iron which, when placed in a bath of sulphuric acid, became embrittled and was weakened. This seems to me to be a paradox or a contradiction. That's my question.
Salim Brahimi
It's an excellent question. You do see a progression over the years in terms of the understanding of where the susceptibility begins but, in today's world, materials do have a certain quality to them. In other words, they have fewer impurities and they may not have as many trap sites. That's the 'intangible' that I discussed later on in my talk, where I said that even in today's controlled manufacturing conditions, we sometimes get it wrong. Maybe the early materials reflect what we have today when things go wrong. It comes down to hydrogen traps, whether it's inclusions, precipitates or, on a lower level, dislocation densities, where hydrogen mobility can either be enhanced or retarded and that's where the answer to that question lies.
Question 2
Reiner Kirchheim
In some of the experiments that you showed, a kind of brittle-ductile transition occurred by increasing the electrochemical potential. The difference might not be due to different microstructures of the material, but rather due to different surface chemistry, as the surface chemistry determines the chemical potential of hydrogen on the entrance site. So you might have different hydrogen concentrations in the material due to small differences in the chemical composition of the material.
Salim Brahimi
We endeavour to make sure that the surface preparation is always in such a way that you don't have an oxide layer and that you have a basically clean surface before the experiment begins. You're absolutely correct, in order to know that answer for sure, we would have to quantify the hydrogen in the material by simulating those conditions. That's something that we are collaborating on with La Rochelle University to measure. Essentially, we feel that we are able to maintain relatively equal surface conditions but we need to validate that. We also need to validate what the actual concentration of hydrogen is that is causing that failure in the immediate volume underneath the notch.
Reiner Kirchheim
May I add a short comment to Tony's question? We looked at the purest iron that we could get [1] , and at very high hydrogen activities, it nevertheless formed cracks inside the material without any external stress. If you look at the cracks there's a small oxide which is responsible for forming the crack. It's actually a technique to determine the very small amount of oxide precipitates in the material.
Salim Brahimi
Is that a pressure situation?
Reiner Kirchheim
No, it's cathodic charging.
Salim Brahimi
I mean is the cracking initiated as a result of hydrogen gas pressure?
Reiner Kirchheim
No external stress, just a very high hydrogen chemical potential.
Question 3
Dave Rugg
On the subject of strength and dislocations, if I take my lovely fastener and then torque it up so you've got plastic deformation on the threads or I decide to thread roll it or shock peen it, changing both the strength and the dislocation density, should I worry?
Salim Brahimi
No. Are you referring to a surface treatment which is traditionally designed to increase the fatigue life of the material? Experiments that we have performed, as well as other researchers, show that inducing compressive stress on the surface in fact reduces the susceptibility of the fastener to failure. The explanation for this is an increase in dislocation density, which is a double edged sword but, in this case, it reduces the concentration of hydrogen available to the high stress concentration point.
Question 4
Alan Sturt There seems to be an awful lot of hydrogen knocking about in situations where you wouldn't expect it, like on those bridges and so on. Hydrogen is a small molecule that just floats away. Do you really mean molecular hydrogen?
Salim Brahimi
It starts out as molecular hydrogen in the environment surrounding the material but it is absorbed as atomic hydrogen. In this case with high-strength steels, it's atomic hydrogen that's at play, not molecular hydrogen. You don't have a situation like that in pipeline steels, where voids might be a source of hydrogen pressure build-up. This is simply the presence of atomic hydrogen that causes the ductile-brittle transition to occur.
Question 5
Richard Thiessen
You mentioned the two different mechanisms of hydrogen embrittlement [external and internal hydrogen].
Salim Brahimi
It's the same mechanism, just different sources.
Richard Thiessen
Can there be enough traps, either with carbides or dislocations, to make a material immune to environmental hydrogen embrittlement? 
Salim Brahimi
The key to designing high-strength steels that are less susceptible to hydrogen is to have a number of well dispersed trap sites that are able to capture hydrogen and not let go of it under the amount of stress that the material is going to see in service. In other words, the stress field must be below the binding energy of the hydrogen in those trap sites. There are companies that have designed materials like this that we've tested, where you have different dispersions of which vanadium carbide is the most common. Under certain conditions it has been shown to have lower susceptibility. On your threshold curve, the ductile-brittle transition occurs more to the left.
Richard Thiessen
So you can delay it, basically?
Salim Brahimi
Yes.
Alan Turnbull
Just a follow-up to Richard's comment. I can see the value of trapping, particularly deep traps in the context of internal hydrogen embrittlement, but if you have an external source where you continue to pump the hydrogen in, those deep traps become less relevant and it's not a good comparison.
Salim Brahimi
That's an excellent point. Our particular experimental set up is not a pre-charging experiment; we're charging during the experiment and that means that you have a continual source of hydrogen. The key question there is: How much hydrogen is there in the volume immediately underneath or immediately below the notch? What we seem to understand is that you have an initial ramp-up period and then the hydrogen reaches the saturation point fairly quickly. The amount of hydrogen is pretty constant after an initial ramp-up period.
Question 6
Vigdis Olden
We have the seen the challenges with fasteners for a very long time. The method of production and the design, et cetera, hasn't changed much, as far as I can tell, for an equally long time. Do we do this the right way?
Salim Brahimi
There are two aspects: the material and an applied coating. In terms of the material, if the material is processed properly then we can predict where susceptibility begins, it's above 1200 MPa. The challenges are in making sure that the standards place the right amount of checks and balances to induce a manufacturer to have proper controls. It's not so much that we don't know but it's that we have to make sure that the job is done properly. In every case where I see a failure occur, the job was not done properly either because the manufacturer doesn't have the know how for that type of part and usually it's the larger size fasteners that are more challenging. So that's one aspect.
The other aspect is as follows. If we know zinc electroplating is a high risk process, then why would we apply it to parts above 1200 MPa? For the standard fastener industry there isn't really a clear resolution, but in the aerospace industry, zinc electroplating doesn't happen. We use electroplating processes which introduce lower amounts of hydrogen such as low hydrogen embrittlement cadmium, which is the primary example that is being replaced by zinc-nickel, which has also been shown to introduce a comparatively low concentration of hydrogen.
